INTRODUCTION 9
The Arctic is a sensitive region affected by perturbations of the radiation budget, with 10 complex feedback mechanisms resulting in a temperature increasing more than twice the 11 global average since the 1980s (so-called ''Arctic amplification'', Cohen et al., 2014, Pithan 12 and Mauritsen, 2014). Aerosols are able to perturb the radiation balance of the Arctic 13 environment in numerous ways (Carslaw et al., 2013) . The contribution by aerosols to 14 radiative forcing is considered a very important parameter, although still highly uncertain in 15 a recent climate assessment (IPCC, 2014) . In order to improve our knowledge in 16 estimating direct and indirect climate effects, a better knowledge of the aerosols is an 17 essential requisite, including their properties and seasonal variability, their sources, and 18 the associated atmospheric reactions and transport processes. One of the main basic 19
properties to characterize an aerosol is the size distribution. Atmospheric aerosol particles 20 span over several orders of magnitude in diameter (Dp), from a few nanometer to 21 hundreds of micrometers. Small particles, in particular nucleation mode (typically with Dp 22 <10 nm) and Aitken mode (10 nm<Dp<100 nm) particles contribute little to total particulate 23 mass in background air; however, they contribute significantly to surface area and 24
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-447 Manuscript under review for journal Atmos. Chem. Phys. quantitative assessment of more than 10 yr of aerosol number size distribution data 6 observed in the Arctic environment (Mt. Zeppelin, Svalbard); reporting that seasonal 7 variation seems to be controlled by both dominant sources as well as meteorological 8
conditions. This can be broadly summarised in three distinctly different periods: 9 accumulation mode aerosol during the haze period (March-May), followed by a high 10 concentration of small particles locally formed (June-August), leaving the rest of the year 11 with a low concentration of accumulation mode particles and negligible abundance of 12 ultrafine particles (September-February). Additional results from multi-year measurements 13 reported similar conclusions using aerosol number size distributions collected at Tiksi 14 Research Station -Station Nord (Nguyen et al., 2016) . 16 Currently, the Arctic haze is not well represented within atmospheric models, mainly due 17 to inadequate representation of scavenging processes different transport mechanisms and 18 underestimation and an unknown number of aerosol sources. As regards natural aerosol 19 sources, they have been emphasized to be much more important than transport from 20 continental sources. Recently, the aerosol population was categorised via cluster analysis 21 of aerosol size distributions taken at Mt Zeppelin (Svalbard, regions. Both studies reported a striking negative correlation (r = -0.89 and -0.75, 1 respectively) between sea ice extent and nucleation events. Given the likely decrease in 2 future sea ice extend in the Arctic, it is likely that the impact of natural ultrafine Arctic 3 aerosols will increase in future. However, it was stressed that further studies are needed 4 Arctic located between Greenland and northwest Russia. Geographically, Greenland is 24 part of the continent of North America. However, the island is politically and culturally 25 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-447 Manuscript under review for journal Atmos. Chem. Phys. from three stations (GRU, ZEP, VRS). This is the first time that the GRU site is used in a 1 multi-year set of observed aerosol number size distributions. All size distributions are 2 quality assured, and not filtered according to any other criteria. The cluster analysis herein 3 applied uses the degree of similarity and difference between individual observations to 4 define the groups and to assign group membership. By doing so, our clustering method 5 provides a specific number of size distributions which can be compared across different and GRU/VRS) and horizontal (i.e between GRU and ZEP) of both anthropogenic and 14 natural aerosols. 15 
16

METHODS 17
Site Description 18
Ultrafine aerosol size distributions were measured at three different sites. Fig. 1 (a,b)  19 shows the location and the sea ice coverage across the whole of 2015 taken as an 20
example. 21
The first measurement site is situated at 78º 580N and 11º 530E on the Zeppelin Mountain 22 in the Ny-Alesund community on Svalbard. The Zeppelin (ZEP) station is located 474m 23 above sea level, it is easily accessible yet practically unaffected by local sources. 24
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-447 Manuscript under review for journal Atmos. Chem. Phys. The Gruvebadet (GRU) observatory is located in the proximity of the village of Ny-Alesund 10 The monthly averaged aerosol size distributions at the three sites are presented in Fig. 2 . 5
Simultaneously collected data are presented for the whole years (2013) (2014) (2015) , but only for 6 8 months (March-October) considering all three sites, due to GRU not having data 7 coverage during winter months (November through February). The average size 8 distributions at ZEP and VRS are broadly similar during the months of January and 9
February (2a-b), with low particle number concentrations and a broad accumulation mode, 10 although larger at the ZEP site (about 250nm) than at the VRS one (about 180nm). The 11 months of March and April ( Fig. 2c-d ) present similar size distributions among the three 12 stations, showing a main large accumulation mode peak at about 190nm, likely associated 13 with the Arctic haze occurring mainly during these months. It is worth noting that higher 14 ultrafine particle number concentrations are seen in these two months relative to Jan-Feb 15 ( Fig. 2a-b) . During the month of May (Fig. 2e) at about 50nm and 150nm, respectively. The remaining winter months show low particle 1 number concentrations, and data are available for ZEP and VRS only. The data herein 2 presented so far help us to compare the three monitoring sites. As expected, whilst the 3 sites at GRU and ZEP are broadly similar, the VRS site located in Greenland seems to 4 have fewer new particle events with a shorter summer frequency. In order to fully elucidate 5 the chemical and physical processes affecting the aerosol size distributions, we use 6 statistical tools to reduce the complexity of these SMPS datasets. Euclidean distances between each dataset point and the corresponding cluster center. 20
The complexity of the dataset is reduced allowing characterization of the data according to 21 the temporal and spatial trends of the clusters. In order to choose the optimum number of 22 clusters the Dunn-Index (DI) identified dense and well separated clusters, it provided a 23 clear maximum for 8 clusters, some of which belonged only to specific times of the day, 24 specific mechanisms as well as specific seasons. The eight K-means clusters obtained 25 exhibited frequencies which varied between 1% and 42% (Table 1) 
Aerosol categories and occurrence 11 12
An aerosol K-means cluster can be interpreted as a particle size spectrum which is 13 determined by a superposition of individual sources and processes. Therefore, the name 14 associated with each cluster aims only to reflect a main feature associated with the particle 15 size spectrum. It is not possible to associate a single source or process, given that each 16 cluster results mainly from a combination of multiple sources. Fig. 3a (blue line) shows that 17 the pristine category is associated with very low particle number concentrations (<100 18
). Figure 3a shows average aerosol number concentrations across different 19 sizes, with two minor modes at 35nm and 135nm. The nucleation category (Fig. 3a , red 20 line) shows average daily aerosol number size distributions peaking in the smallest 21 detectable size at 10nm. The name of this category -which will be used below to represent 22 new particle formation events -stands for continuous gas-to-particle growth occurring after 23 the particle nucleation event. By contrast, Figure 3a bursting category to a population that bursts and begin to exist or develop. Contrary to the 1 nucleation category, this one fails to grow to larger sizes. The origins of this particle type 2 can be multiple, including new particle formation with limited growth (so called "apple" new 3 particle formation events), or open ocean nucleation, an Arctic ultrafine primary origin can 4 also not be ruled out. 5
Fig. 3b shows two main aerosol categories with a dominating aerosol mode peaking in the 6
Aitken size range at about 40-60nm. Whilst aerosol category nascent possess a main 7 mode at about 40nm, the category nascent broad shows a much broader Aitken mode 8 peaking at about 60nm. By contrast, Fig. 3c shows three aerosol categories whose aerosol 9 size distributions are all mainly distributed in size ranges larger than 100nm (accumulation 10 mode dominating. Main modes can be seen at 150nm (category accumulation_150), at 11 220nm (category accumulation_220) and in the largest detected modes at about 400-12
500nm (category coarse). 13
The temporal frequency during the years 2013-2015 of the eight aerosol categories is 14 presented in Table 1 . The category pristine presents a remarkably similar occurrence 15 among the three monitoring sites (12-14%). The nucleation category seems more frequent 16 at the Svalbard sites (11-15%) relative to the VRS site (8%). Similar patterns can be seen 17 for the bursting category, also more frequent at GRU-ZEP (14-21%) relative to VRS (8%). 18
Interestingly, the bursting shows high occurrence at GRU (21%), perhaps reflecting some 19 processes occurring near sea level across the fiord. The two Aitken categories (nascent 20 and nascent broad) do not show much variability (7-21%). By contrast, strong differences 21 are seen in the accumulation dominating mode aerosol categories. For example, 22 accumulation_150 is frequent at the ZEP site (19%), whereas at the VRS site the category 23 dominating is accumulation_220 (42%), confirming a recent study specific on 24 characterization of distinct Arctic aerosol accumulation modes and their sources (Lange et 25 
Annual behaviour 4 5
The pristine category did not present a clear annual seasonality at the ZEP and VRS sites, 6
although at the GRU site it occurred mainly during spring months (Fig. 4a) . The nucleation 7 category clearly showed high strong occurrence during summer months at the VRS site. 8
By contrast, at the Svalbard sites (GRU, ZEP) two main periods dominate in May and in 9 August (Fig. 4b) . Similar trends can be seen for the bursting category (Fig. 4c ). Whilst at 10 the VRS site this category shows occurrence similar to the nucleation category (Fig. 4b) , October-December (Fig. 4g) . Finally, the last minor cluster (coarse) does not show any 1 clear trend due to its low frequency (Fig. 4h) . The overall annual temporal frequency can 2 be summarised in Fig, 5 , where broader categories can be seen. It is well known that the 3 (Fig. 6b) . Ammonia can impact increasing rates of new particle formation and 1 growth via stabilization of sulphuric acid clusters (Kirkby et al., 2011) . There is growing 2 interest to better constrain the location, population, and ammonia emissions of the Arctic. , 300 ng m -3 and 24 40 ng m -3 for Cl, Na and Mg, respectively), followed for categories accumulation_150, 25 , respectively) suggesting 19 as expected these two are composed of a number of primary and secondary components 20 of anthropogenic origin. It is interesting to note that ammonium is only partly neutralising 21 the Arctic aerosols (in average with one-third) and in the Arctic, the aerosols are highly 22
acidic. 23
Overall, the lowest aerosol mass concentrations seen in Fig. 7 (a-e) are seen for the 24 nucleation, nascent and nascent broad categories. This is not surprising, because the 25 suggests that secondary processes may drive both categories, somehow pointing to a 19 lower ultrafine primary origin association with this particle type. However, it is important to 20 stress that high uncertainty regarding the mechanism of aerosol production in the Arctic - relation to phytoplankton biomass. The DMS production capacity of the Greenland Sea 1 was estimated to be a factor of three greater than that of the Barents Sea, whereas the 2 phytoplankton biomass in the Barents Sea was more than two fold greater than that in the 3 Greenland Sea, stressing the occurrence of a greater abundance of DMS-producing 4 phytoplankton in the Greenland Sea than in the Barents Sea during the phytoplankton 5 bloom periods. collected by a number of countries, and this work highlights the benefit that can be gained 25 from international cooperation. Given that the present work has validated the quality of the 1 presented aerosol size distributions, these data will be used again to address specific 2 questions, including vertical transport (i.e. the two sites at the Svalbard) and horizontal 3 transport (i.e. Arctic aerosol transport from Greenland to Svalbard regions). The significant 4 costs associated with these types of coordinated international collaborations can provide 5 far more information than individual sites operating on their own. This may help to 6 understand better the complex interactions and feedbacks between the aerosol, the 7 clouds, the longwave and shortwave radiation, the ocean dynamics, the biota and the 8 environment (Browse et al., 2014). Special concern is arising also from increasing 9 navigability in the rapidly melting Arctic Ocean with expanding community re-supply, 10 fishing, tourism, fossil fuel exploitation and cargo trading, which is projected to cause a 11 Becagli, S., Lazzara, L., Marchese, C., Dayan, U., Ascanius, S. E., Cacciani, M., Caiazzo, 2 L., Di Biagio, C., Di Iorio, T., di Sarra, A., Eriksen, P., Fani, F., Giardi, F., Meloni, D., 3
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